INTRODUCTION
Many flows in a wide range of environments, from estuaries to the deep oceans, transport clays and fine silts, which produce a change in the flow behavior once the particle concentration exceeds a threshold value. Past work has shown how the presence of clay at low concentrations may reduce fluid drag (Gust 1976; Best and Leeder 1993; Wang et al. 1998; Li and Gust 2000) . At high concentrations, however, the clay minerals establish a network of electrostatic bonds that suppress turbulence and change the flow from Newtonian to non-Newtonian (Wang and Larsen 1994) . Past research has indicated the great effect of high sediment concentrations in modifying a turbulent flow, first to a hyperconcentrated flow (Wan and Wang 1994) and then to non-Newtonian debris/mud flows (e.g., Takahashi 1991; Coussot 1997) , with potentially large changes in the resulting depositional bedforms (Wan 1982; Lowe 1988; Lowe and Guy 2000; Mulder and Alexander 2001) . For instance, Wan (1982) has documented that small concentrations of bentonite (Ͻ 1% by volume) damp fluid turbulence and lead to the flattening of dunes. Recent work has begun to classify the wide range of subaqueous density flows, based on both sediment concentration and sediment support mechanism (Mulder and Alexander 2001) , but it is clear that many factors such as shear rate, sediment type, and viscosity radically influence flow behavior and classification boundaries. It is important to be able to distinguish between turbulent and laminar flows in sedimentary deposits, because this may aid in the determination of sediment transport distances, depositional geometries and paleohydraulic processes (e.g., sediment entrainment, sediment discharge, and turbidity). There has, however, been little detailed study of turbulence modulation at the critical ''transitional'' areas between these flows (e.g., Wang and Larsen 1994; Wang et al. 1998 ). Consequently, current classification schemes for these flows, and process-based interpretation of their deposits, are severely limited. This paper details new experimental results on flow structure across the transition from Newtonian to non-Newtonian flow, and presents a conceptual model for sediment deposition in these regimes.
METHODS
Laboratory experiments were conducted using a hydraulic flume 10 m long and 0.3 m wide (Fig. 1) . In these experiments, a constant-displacement slurry pump recirculated kaolin-water mixtures, ranging from 0.002 to 12.9% volumetric clay concentration (Table 1 ). In the measurement section, located 6 m from the flume inlet, the kaolin suspensions moved over a smooth acrylic plastic floor. Each flow was steady and uniform, and had a constant flow depth of 0.08 m. The pure kaolinite had a mean grain size of 0.009 mm. Nineteen experiments were conducted to examine a range of turbulent, laminar, and transitional flows (Table 1) .
Instantaneous streamwise and vertical flow velocities were measured using ultrasonic Doppler velocity profilers (UDVP; see Takeda 1991; Best et al. 2001 for details). Flow velocity is quantified by UDVP through determination of the Doppler shift in ultrasound frequency as small particles pass through a measurement volume, this uniquely enabling measurement in opaque suspensions. Each UDVP probe can obtain simultaneous velocity data along a profile of 128 points along the axis of the ultrasound beam, which in the present experiments extended 10.5 cm from the probe head. A vertical array of 4 MHz UDVP probes was used to measure the streamwise component of flow velocity at regularly spaced dimensionless depths (z/h, where z is height above the bed and h is total flow depth). The vertical component of flow velocity was measured using a UDVP probe set flush with the floor (Fig. 1) . The maximum temporal resolution of the velocity data was 29 Hz. The depth-averaged downstream velocity was kept within a narrow range between 0.316 ms Ϫ1 and 0.343 ms Ϫ1 (Table 1) . A vertical rack of siphon tubes (internal diameter: 0.6 cm) was used to collect suspension samples for determination of volumetric sediment concentration through weighing and drying. Concentration profiles ( Fig. 2A) show that sediment was distributed uniformly in all flows. Hence, the effect of particle settling, and possible stratification, on the flow structure was negligible, and sediment was not deposited during any of the runs.
RESULTS
Profiles of downstream velocity from seven representative experiments that cover a clay concentration range of 0.05-10.45% ( Fig. 2A) reveal distinct changes to the flow as concentration increases. At low concentrations (C Ͻ ഠ 2%), the velocity profile is characteristic of a turbulent flow with a logarithmic increase in velocity with distance above the bed. On addition of progressively more kaolinite, however, the nature of the profile changes radically so that near-bed velocities (e.g., z/h ϭ 0.08) become reduced with a concomitant velocity increase above z/h ഠ 0.16 (Fig. 2B ). At C Ͼ ഠ 4%, the flow adopts a distinct twofold velocity structure: (1) a basal layer of high velocity gradient (Fig. 2B) and (2) an upper zone (z/h Ͼ ഠ 0.25) where the velocity is nearly invariant with depth, i.e., a region of ''plug flow'' above the basal shear zone. At C ഠ 2-4%, near-bed velocities become increasingly reduced and the velocity gradient near the bed increases, but a plug flow is absent (Fig. 2B) . These results confirm similar velocity trends documented by Wang and Larsen (1994) and Wang et al. (1998) .
Root-mean-square (rms) values of downstream velocity (Fig. 2C) in the low-concentration flows are highest near the bed but diminish upwards in the flow, a pattern characteristic of wall-bounded turbulent flows (e.g., Nezu and Nakagawa 1993) . In contrast, flows with a plug flow (i.e., runs Table 1 ) is characterized by fluctuating streamwise velocity on time scales up to several seconds (Fig. 3A) , with high-frequency fluctuations also dominating the time series of vertical velocity (Fig. 3B ). This pattern of velocity fluctuations was found in all flows with C Ͻ ഠ 2%, and at all heights within these flows. The nearbed time series of the transitional flow ( Fig. 3C, D ; run k9; Table 1 ) is significantly different. Short periods with streamwise velocity fluctuations similar to those in turbulent flows (e.g., 3-7 s; Fig. 3C ) are superimposed upon a remarkable longer-period ''saw-tooth'' signal in which a rapid increase in velocity is followed by a gradual decrease (e.g., 7-15 s; Fig. 3C ). The time series of vertical velocity shows periods with little variation (e.g., 9-14 s; Fig. 3D ), which are clearly separated from periods with rapid velocity fluctuations (e.g., 14-22 s; Fig. 3D ). The near-bed velocity signature in transitional flows is thus dominated by periodic large disruptions to both downstream and vertical velocity that last for approximately 4-10 seconds. Flows with C Ͼ ഠ 4% show an essentially laminar behavior ( Fig. 3E, F ; run k15; Table 1 ) with low rms values at all heights.
The transitional clay flows exhibit distinct changes in the velocity profile that are exemplified by time series of streamwise velocity for z/h ϭ 0.33 (Fig. 4A) , 0.16 (Fig. 4B) , and 0.08 (Fig. 4C ) in run k13 (C ϭ 3.76%; Table 1 ). At z/h ϭ 0.08, the flow exhibits the saw-tooth pattern highlighted above (Fig. 3C) . In contrast, the time series at z/h ϭ 0.33 (Fig. 4A) shows short, well-defined periods of low velocity superimposed on a trace of quasi-constant velocity. The magnitude and frequency of these low-velocity periods decrease upwards within the flow. At z/h ϭ 0.16 (Fig. 4B) , periods of low and high velocity are intermixed, and rms values are at their highest (cf. Fig. 2C) . Comparison of the time series of streamwise and vertical velocity show that the periods of streamwise flow acceleration near the base of the transitional flows (e.g., z/h ϭ 0.08) correlate with a downwarddirected vertical flow, whereas the packets of low-velocity fluid move preferentially away from the bed. Figure 5 summarizes the characteristics of the turbulent, laminar, and transitional flows and presents a conceptual model for the transport and deposition of noncohesive particles in each regime. Adding a small volume of kaolinite (up to ϳ 2%) to a clear current has a minor effect on the turbulent flow (Fig. 5A ) but begins to be expressed through drag reduction (Gust 1976; Best and Leeder 1993; Li and Gust 2000) . In all such flows, turbulence is pervasive, burst-and-sweep processes act near the bed, velocity fluctuations decrease away from the bed, and the vertical profile of downstream velocity is logarithmic (Fig. 5A) .
A MODEL OF FLOW
In transitional flows (C ഠ 2-4%), past work (Wang et al. 1998 ) has shown that clay particles begin to establish a network of electrostatic bonds, but these may be easily broken in regions of high shear. It is reasoned here that the developing clay network suppresses turbulence, generating a vertical profile with a low-turbulence region separated from a basal layer of high velocity gradient by a highly turbulent shear layer (Fig. 5B) . This flow structure is most apparent at C ഠ 3-4%, where both the saw-tooth patterns and ejections of low-velocity fluid away from the bed are distinct. UDVP data for these flows suggest that high-velocity fluid ''inrushes'' towards the bed from the shear layer, and packets of low-velocity fluid detach from the shear layer and are ejected upwards into the outer flow (Fig. 5B) , where they gradually dissipate. These fluid movements are interpreted to originate from Kelvin-Helmholtz instabilities of distinct asymmetric geometry (Fig.  5B) . Very strong turbulence is produced along the shear layer, with rms velocities up to 70% higher than in the turbulent flow, and may periodically break up the cohesive network of clay particles. With increasing clay concentration in transitional flows, the magnitude (run k8, Fig. 2C ) and height above the bed (runs k11 and k14, Fig. 2C ) of maximum turbulence intensity gradually increase. These characteristics demonstrate a gradual shift from The flows with C Ͼ ഠ 4% consist of a plug zone, devoid of turbulence, that is separated from a basal layer, with minor or no small-scale turbulence, by an effectively laminar shear layer (Fig. 5C, D) . This velocity profile resembles classical non-Newtonian mud flows (e.g., Johnson 1970) and mobile fluid mud (e.g., Mehta 1991) , in which the high clay concentration induces a stable clay network.
SEDIMENT DEPOSITION AND STRATIFICATION
It is vital to stress that the transition between turbulent and laminar flow structure, described here, occurs at much lower concentrations (C ഠ 2%) than is often assumed and in a regime where viscosity is little different from that of clear water (Coussot 1995) , considerably complicating classification of density-current behavior and deposits (e.g., Mulder and Alexander 2001) . The present experiments concern flows of low mean veloc- At low clay concentrations drag reduction may begin to occur. Coarser sediment is supported through turbulence and sedimentary structures can develop; B) transitional flows with developing shear layer that separates a lower region of high velocity gradient from an upper layer of reduced shear. Sketch of flow depicts streamlines. Turbulence is strongest in the shear layer along which Kelvin-Helmholtz instabilities are developed with a distinctive velocity signature (see inset sketches). Sediment entrained into the basal region is trapped and parallel lamination may be produced by the variable shear stresses induced by the shear layer instabilities; C) laminar plug flow without turbulence and low cohesive strength. The cohesive strength of the flow is unable to support coarser sediment, which settles to the bed; D) laminar plug flow with high cohesive strength that is able to support coarser sediment suspended within the flow. x ϭ horizontal distance along flow, z ϭ height in flow.
ity (ϳ 0.3 ms Ϫ1 ) and solely clay, yet these attributes are common in some alluvial channels (e.g., Wan and Wang 1994) , in estuaries (Mitchell et al. 1998 ) and on continental shelves where fluid mud is present (e.g., Traykovski et al. 2000) and in thick muddy density currents (e.g., Stow and Bowen 1980; Lowe and Guy 2000) , where entrained ambient fluid does not reach the base of the flow. Traykovski et al. (2000) have documented a fluid mud layer 5-15 cm thick on the continental shelf off the Eel River (California) with concentrations of 0.8% (perhaps up to 3%) and velocities of ϳ 0.3 ms Ϫ1 . Their velocity records also demonstrate the presence of waves at the top of the lutocline (i.e., the area of steep vertical density gradient), which were speculated to arise through either Kelvin-Helmholtz instability or parametric resonances on this interface. Our experimental results demonstrate the details of similar instabilities along a shear layer in unidirectional flows with transient turbulent behavior.
Our results may also explain the origin of silt-mud couplets in turbidites (the Bouma D division) and parallel-laminated levee muds (Stow and Bowen 1980; Hesse and Chough 1980) . Hesse and Chough (1980) proposed that these laminae arise through a multiple bursting cycle and subsequent ''relaminarization'' of the viscous sublayer. During turbulent bursting, only silt-size particles settle out of suspension, whereas in between bursting events turbulence is weak or absent and both silt and clay particles settle onto the bed. Our results, however, provide a mechanism for producing velocity fluctuations without invoking any such ''relaminarization'': parallel laminae and grain-size sorting may arise due to the periodic flow induced by Kelvin-Helmholtz instabilities along the shear layer of transitional flows. Inrushes of flow (Figs. 3 , 5B) may entrain silt into the nearbed region both from the outer flow and through bed erosion, and are followed by gradual flow deceleration in which clay may settle. The length and thickness of the laminae generated would thus depend on the periodicity and scale of the instabilities along the shear layer, but the instabilities may be expected to allow repeated laminae formation without the development of ripples and dunes, which cannot be initiated in these flows. These results also document a near-bed region beneath the shear layer in which the parallel banding of slurry flows (M 2 divisions of Lowe and Guy 2000) may originate.
Many natural clay-rich flows do not consist solely of cohesive particles, but also contain silt-and sand-grade sediment, which may alter the flow structure (Wang and Larsen 1994) . Such flow modulation may depend on many factors, including clay type, concentration and size, mass and concentration of noncohesive particles, flow velocity, and initial turbulence structure. Importantly, this range of factors implies that no single threshold concentration exists for the formation of transitional flows, or non-Newtonian flows, the latter being a subject of great recent debate (see Mulder and Alexander 2001 for a review). However, the present model allows speculation on the depositional products of each flow type for small sand/ clay ratios.
Noncohesive particles suspended in turbulent clay flows behave similarly to clay-free flows, with an exponential decrease in concentration above the bed ( Fig. 5A ; Rouse 1937) and possess deposits with all common types of stratification. Because laminar plug flows lack turbulence, it is possible to support noncohesive particles only through cohesive strength. Here, the laminar plug flows had insufficient cohesive strength to support any silt and sand particles up to a concentration of at least 7%, and sediment deposition would be controlled entirely by differences in particle settling velocity (Fig. 5C ). The noncohesive particles in such flows would thus have to be transported to the final site of deposition by other support mechanisms, such as turbulence (i.e., turbulent clay flows) or cohesive strength (i.e., laminar plug flows of high density). A change from fully turbulent flow to non-supportive, laminar plug flow could be brought about by flow deceleration, for example at a channel mouth or by a decrease in bed slope gradient. To lose supportive strength in a high-density laminar plug flow, flow acceleration is required. The deposits of these types of laminar plug flow would exhibit normal distribution grading, but be devoid of crossstratification, because turbulence is suppressed. Such deposits may resemble the graded massive sandstones found frequently in deep-marine environments. This type of flow, and its deposit, is markedly different from traditional cohesive debris flows, which are widely regarded as having sufficient cohesive strength to support sand particles and generate a deposit with grains floating in a clay matrix (Fig. 5D) .
Noncohesive particles suspended in transitional clay flows quickly settle through the outer flow, in which turbulent and cohesive supportive strength are small. If the ejections of low-velocity fluid into the outer flow (Fig.  5B) do not suspend the silt and sand grains, the zone of reduced near-bed flow velocity provides an accumulation region for such particles. The residence time of a noncohesive particle in the zone of maximum turbulence is proportional to its shape, density, and diameter, and this process, together with size segregation in the outer flow, promotes the formation of normal size grading in the underlying deposit. Parallel laminae may, however, form in response to local velocity fluctuations dictated by the shear-layer instabilities, or, if turbulence suppression is low, modified bedforms may be generated (cf. Wan 1982) .
The present experiments have quantified, for the first time, the structure of transitional flows at C ഠ 2-4%. These results are strictly applicable only at the shear rates applied, however, and it is now vital to establish the nature of turbulence modulation at different shear rates, clay concentrations, grain types, and form roughness. Importantly, this work will yield boundary conditions for the generation of transitional flows and detail the periodicity of the shear-layer instabilities generated.
